Introduction
Peanut (Arachis hypogaea) is a very important dried fruit considered as one of the most widely used nuts due to their nutritional properties and taste. Particularly, the peanut produced in Argentina is known worldwide for its quality. Due to the economic importance of peanut, its quality and safety is essential for their marketing. However, this dried fruit is considered to be a high-risk product for contamination with aflatoxins (AFs) due that frequent contamination with moulds, specially by Aspergillus flavus and Aspergillus parasiticus [1] , long peanut drying times, and occurrence of rainy periods after uprooting [2] . Toxic secondary metabolites such as aflatoxins, specially aflatoxin B 1 (AFB 1 ), are considered the most carcinogenic, mutagenic, and teratogenic substances found naturally in foods and feeds [3] .
Antifungal chemicals, mainly low molecular weight organic acids, have been generally used for the preservation of grains [4] . However, continuous and indiscriminate use of these chemical preservatives in foods and feeds, could lead to toxic effects for consumers and to the development of resistances in microorganisms [5] . Besides, nowadays, consumers prefer low levels of preservatives in foods or preservative-free products. As a counter measure, we propose the use of food grade antioxidants for control moulds development and aflatoxin production in food as one alternative to the synthetic fungicides. The phenolic antioxidant 2(3)-tert-butyl-4-hydroyanisol (BHA) has shown effect against moulds and insect, vectors of aflatoxigenic fungi, on stored peanuts [6] [7] [8] [9] [10] . In these last publications, the doses applied were always below those allowed by the Codex Alimentarius [11] and the US Food and Drug Administration (FDA) (maximum usage level of 200 mg/g of peanut oil). Besides, the effect of pure BHA at sub-lethal doses on A. flavus was evaluated by Passone et al. [12, 13] . In both studies, concluded that it is necessary to apply the pure food-grade antioxidant into the peanut storage system at levels higher than 5 mM. On the other hand, another work done by the same author, showed that levels of BHA decreased quickly with time when it was applied in peanut food system due to the interaction with physical and biological factors [9] . In order to avoid the quick decrease of this antioxidant, Girardi et al. [14] applied microencapsulation technology to protect BHA from the action of environmental factors. After that, Garcia et al. [15] determined the lethal doses microencapsulated BHA against a A. flavus and A. parasiticus, and O. surinamensis (L.) on peanuts in microcosm. They conclude that 20 mM of this formulation completely inhibited Aspergillus section Flavi development and aflatoxin accumulation. Nevertheless, the sub-lethal effect of microencapsulated BHA on the development of aflatoxigenic fungi in the peanut food system has not been studied. The behavior of sub-lethals concentrations of the formulation on growth mould and mycotoxin accumulation is of great importance to know if there is stimulation of the growth and mycotoxins production in this alimentary system. For this, our interest is focused on the growth and mycotoxin accumulation produced by A. flavus affected by the exposure to a sub-lethal dose of microencapsulated BHA. In this sense we evaluated: i) growth parameters based on radial growth and biomass dry weight and ii) AFB 1 accumulation in presence of sub-lethal inhibitory concentrations (0.65 mM) of antioxidant formulation, at two different water activities (a w ) in peanut meal extract agar (PMEA) and peanut grains.
Material and Methods

Fungal isolate and preparation of inoculum
A mycotoxigenic isolate (A. flavus, RCP08108), obtained from peanut in our lab was included in this research. Reference in brackets are the code of cultures held in the Microbial Ecology Laboratory Collection, Department of Microbiology and Immunology of the National University of Río Cuarto, Córdoba, Argentina. Isolate was sub-cultured on malt extract agar (MEA) plate and incubated at 25 °C for 7 days to enable significant sporulation. After incubation, a sterile inoculation loop was used to remove the conidia from MEA plates and it was suspended in 5 mL of distilled peptone water solution (0.1%). After homogenization, the suspension was adjusted using a Neubauer counting chamber to achieve final concentration of 1-5×10 4 spores/mL.
Preparation of antioxidant formulation
The antioxidant 2(3)-tert-butyl-4 hydroxyanisole (BHA) microcapsules were made under the methodology applied by Girardi et al. [14] . The antioxidant used for the production of these capsules has industrial grade obtained from Eastman Chemical Company (Kingsport, Tennessee, United State). As wall material, solutions 5% p/v of gelatin (type A, gel strength 240 bloom) and gum Arabic (pH 6) were prepared and maintained at 50 °C in a thermostatic bath (Decalab SRL). On the other hand, a solution of BHA 70% p/v in peanut oil was prepared and added (450 µL) into to gum Arabic solution (50 mL), forming an emulsion by magnetic stirring (Auto Science, AM-5250B). After 10 minutes, the gelatin solution (50 mL) was added and the mix was stirred at 400 rpm during 10 minutes at 50 °C. Then, hydrochloric acid 1M (HCl) was added to adjust the pH to 4 and stirring another 10 minutes. After that the pH was elevated at 9 with NaOH 1M and the stirring continued 10 minutes. Finally, temperature was lowered until 10 °C in an ice bath and 5 mL of formaldehyde was added for 10 minutes, to firm the gelatin-gum arabic coating. The formulation obtained was washed twice with distilled water and frozen at -80 °C for 3 hours. Then a lyophilization process was carried out with a freeze-dried chamber (L-T8-A-B3-CT, RIFICOR) pressure <0.05 mbar and -45 °C for 72 h. Finally, lyophilized microcapsules were ground with a mill CT 193 Cyclotec™ to obtain a fine powder.
Culture medium and peanut kernels preparation
Peanut meal extract agar (PMEA) was prepared at 2% (w/v) with a final pH of 6.5 according to Passone et al. [16] . Water activity (a w ) of the basic medium (0.99) was adjusted to 0.96 a w , with known amounts of glycerol [17] . Microcapsules were added to culture medium or sterile peanut grains poured in Petri dishes to reach 0.65 mM concentration. Water activity of representative samples of each treatment was checked after autoclaving with an AquaLab Water Activity Meter 4TE with an accuracy of ± 0.001. On the other hand, peanut kernels were sterilized by autoclaving at 120 °C for 20 minutes twice. Water amounts of sterile peanut was adjusted by aseptic addition of distilled water to seeds inside sealed containers which were kept at 4 °C for 48 hours with periodic handshaking during this time. The amount of water necessary to reach the different a w levels was determined by a calibration curve (water activitymL vs. water to be added/g substrate) previously made [15] and checked with the AquaLab Water Activity Meter 4TE (Decagon Devices, Inc.). Peanut grains (25 g) were poured in Petri plates forming a single layer and the formulation with or without antioxidant was added. Plates with empty capsules (CEC) (without the antioxidant) and with no treatment (CWC) were used as control.
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Inoculation and incubation
Petri dishes were inoculated centrally with 2 µL of a 1-5 × 10 4 spore's/mL suspension. Plates with the same a w were enclosed in sealed containers along with beakers containing water glycerol at the same water condition [18] . One hundred PMEA Petri dishes and 90 peanut kernels Petri dishes were inoculated and incubated at 25 °C.
Growth assessment
Colony diameter (mm) and biomass (mg dry weight) were measured at different time periods. Colony radius was daily examined for an overall period of 30 days by measurements at right angles with the aid of a ruler and a binocular magnifier, on PMEA and peanut Petri dishes. Mycelium dry weight was measured as [19] on culture medium. Colonies were cut from the medium, transferred to a beaker containing distilled water (100 ml approximately), then heated in a streamer for 30 min to melt agar. Mycelium remained intact was collected and transferred to a dried, weighed filter paper and dried at 80 °C for 18 hrs. Then the filter paper was weighed, and the dry weight of biomass was calculated by difference.
Extraction of AFB 1 from PMEA and peanut kernels Extraction of AFB 1 from PMEA Extraction of AFB 1 in culture medium was made using the methodology proposed by Garcia et al. [20] . From each colony, three agar plugs (diameter 4 mm) were removed from inner, middle and outer part of the colonies at 21 days of plates incubations and placed together in a vial. One mL of methanol was added, and the vials were shaken for 5 s. After 60 min, the extracts were shaken and filtered (Millex-HV0.45 µm 25 mm, Millipore Corporation, Bedford, USA) into another vial and stored at 4 °C until analysis by HPLC instrument (Waters, Mildford, MA, USA).
Extraction of AFB 1 from peanut kernels Determination of AFB 1 in peanut kernels was performed according to AOAC´s official method 994.08 [21] with some modifications. Total AFs were extracted at 21 days of plates incubation from a representative sample (25 g) of ground peanut with 100 mL of acetonitrile: water (84:14 v/v) for 30 min using an orbital shaker. The supernatant was filtered through Whatman Nº4 filter paper. Then, 5 mL of the extract was applied to a multifunctional cleaned column (R-BIOPHARM Rhone LTD). The filtrate (2 mL) was evaporated to dryness under nitrogen stream at 60 °C and stored at 4 °C until to the high-performance liquid chromatography (HPLC) analysis.
Detection and quantification of aflatoxin B 1
Aflatoxin B 1 was detected and quantified by using a HPLC system (Waters 2696 separations module, Waters, Milford, USA). Toxin quantification was performed according to Trucksess et al. [22] with some modifications. Dry extracts were dissolved in 200 µL of acetonitrile: water (9:1) and derivatized with 700 µL of trifluoroacetic acid:acetic acid:water (20:10:70). One hundred µL of the derivatized solutions were inject in HPLC system (Waters 2696 separation module, Waters, Milford, MA, USA) and chromatographic separations were performed on a stainless steel C18 reverse phase column (150×4.6 mm i.d., 5 um particle size, Phenomenex, USA). Water: methanol: acetonitrile (66.6:16.7:16.7) mixture was used as the mobile phase at a flow rate of 1.5 mL/min. A Waters 2475 module was used for fluorescence detection (λ exc 360 nm; λ em 440 nm). The detection limit (LOD) of the analysis was about 1.5 ng AFB 1 /g of peanut based on a signal-to-noise ratio of 3:1. Quantification was achieved with a software integrator (Empower, Milford, MA, USA). AFB 1 was quantified on the basis of the HPLC fluorimetric response compared with that of a range of AFB 1 standards.
Statistical analyses
Analysis of variance of growth rates, time to growth and AFB 1 accumulation was used in order to assess significant differences due to growth conditions and BHA formulation assayed. LSD test was used to establish the differences among mean values of the variables under the different levels of factors at p<0.05. Pearson correlation coefficient was used to evaluate correlations between studied factors. Statistical analyses were carried out with Statgraphics ® Plus version 5.1 (Manugistics, Inc., MD, USA).
Results and Discussion
In the present article we were focused to assess the physiological behavior of A. flavus (RCP08108) in presence of a sub-lethal dose (0.65 mM) of microencapsulated BHA. With this respect, our results showed that all studied factors [growth substrate (Gs), treatment (T), water activity (a w )] and their interactions, affected significantly (p<0.05) the evaluated growth parameters ("growth rate" [µ (mm/d)] and "time to growth" [λ (days)]). For measure of the colony, growth rate was highly affected by a w (p<0.1 and F = 71.23) followed by Gs (p<0.1 and F = 19.56) and T (p<0.1 and F = 3.4). While λ was greatly affected by Gs (p<0.1 and F = 150.50) and T (p<0.1 and F = 26.5). On the other hand, both growth parameters obtained from biomass dry weight also were affected by a w and T (a w , p<0.1; F = 104.93 and T, p<0.1; F = 5.50 for µ and a w , p<0.1; F = 12.12 and T, p<0.1; F = 119.03 for λ). Our research showed a reduction of µ (mm/d) and increase in λ (days) in presence of microencapsulated BHA being growth higher on peanut kernels than on culture medium (data not shown). This reduction in mould growth due to the addition of a low dose of microencapsulated BHA is agree with Passone et al. [13] which showed that sub-lethal doses of a mix of pure BHA : BHT (1+1 mm and 5+5 mm) caused a higher and significant (p<0.001) reduction in growth rate of A. flavus on PMEA culture medium.
On the other side, the percentages of inhibition for radial growth of A. flavus from culture medium and in plates with the kernels are shown in figure 1A and B. Mould growth inhibition was calculated as follow:
Where Dt: is the diameter of growth zone in the treated plate and Dc: is the diameter of growth zone in the control plate. A decreased of the percentage of inhibition for the
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mould with time is observed for both growth substrates and a w . The highest inhibition of the radial growth was observed on PMEA with the addition of 0.65 mM of microencapsulated BHA at 0.99 a w . However, this effect is occurring in the "worst case" scenario when high amounts of water are available to mould behavior. In the case of peanut grains, the highest growth inhibition was obtained also in treated plates with F-BHA, but at the lowest a w (0.96). This result confirms the importance of working with real substrates due that data obtained from culture medium could not be extrapolated to real situations in natural ecosystems or food system when other factors might interact with mould development [23] . There are many works that studied the effect of a w on A. flavus under different culture media and grains [7, 16, [23] [24] [25] [26] . Most of these works found that low levels of a w produce a decrease of growth mould and the growth parameters were different between culture medium and kernels. For this, it is necessary to evaluate eco physiological behavior of aflatoxigenic strains in food system where exist other factors such as kernel components: fat, carbohydrate, protein, salt and pH which could influence in the effectiveness of the antimicrobial potency [27] . On the other hand, negatives percentages in growth inhibition in grains with empty capsules at 0.99 aw was observed. This means the occurrence of a stimulation in growth of A. flavus in CEC. May be, the components of the formulation could be used by fungi as a substrate for their growth. Nevertheless, it is almost unlikely that peanut storage grains in real situation reach this water condition (0.99 aw ). This result is not agreeing with Garcia et al. [15] which showed that empty capsules seems to enhance antifungal effect the authors conclude that application of formaldehyde as crosslinking agent, could act as antifungal and anti-aflatoxigenic agent together with antioxidants. However, the doses of the BHA formulation applied to peanuts in the last work were 15, 30 and 46 time higher than those used in our work (10, 20 and 30 mM).
With respect to AFB 1 accumulation, ANOVA test showed that toxin levels at the final of incubation period (21 days) was statistically affected by all studied parameters: Gs (p<0.05 and F = 134.2), a w (p<0.05 and F = 52.2) and T (p<0.05 and F = 28.9) and their two and three-way interaction [(Gs*aw; p<0.05 and F = 24.8); (Gs*T; p<0.05 and F = 12.6); (a w *T; p<0.05 and F = 14.01) and (Gs*aw*T; p<0.05 and F = 7.04)]. For the two a w assayed, AFB 1 levels detected in controls were significantly higher respect to BHA treatment according to LSD test (p<0.05), regardless of substrate evaluated (data not shown). After 21 days of incubation, toxin accumulation evaluated on PMEA and peanut plates at different growth substrate and a w is represented in figure 2 . Aflatoxin B 1 levels were between 1-6.4 times higher in peanut kernels than in culture medium. Besides, for the two a w assayed, the amounts of toxin detected in controls were significantly higher respect to F-BHA treatment according to LSD test (p<0.05), regardless of substrate evaluated. Particularly, on PMEA, microencapsulated BHA significantly affected (p<0.05) toxin levels, with reductions around 82 and 90% for 0.96 and 0.99 a w , respectively, compared with CWC. Also, presence of CEC on the culture medium showed significant reductions in AFB 1 accumulation, regardless water condition. As in Garcia et al. [15] , components of microcapsules together with antioxidant have an inhibitory effect for the toxin accumulation. As we said before, formaldehyde used as crosslinking substance could act anti-aflatoxigenic agent. Agu and Palmer [28] revealed that low doses (0.1%) of formaldehyde had a good antifungal effect on sorghum seeds. Besides, Codifer et al. [29] and Mann et al. [30] applied formaldehyde on peanut and peanut meal in order to inactivate AFs present in these substrates. These authors observed high toxin inhibitions at the end of the assay. On the other hand, Passone et al. [13] showed that peanut treated with a mix of pure BHA : BHT at sub-lethal dose (<5 mM) can lead to fungal growth, increase resistance structures, and stimulate aflD gene expression and AFB 1 accumulation on PMEA. In the case of peanut kernels, effect of the formulation against toxin accumulation was clearly observed for the lowest a w (0.96) with reduction of 53%. No statistical differences (p<0.05) between AFB 1 levels at 0.99 a w was observed between treatment and controls. However, at real conditions, peanut is not stored with this high degree of wet.
Finally, Pearson correlation coefficients of the experiments were performed on PMEA and peanut kernels for colony radius and AFB 1 accumulation through experimental time to evaluate toxin evolution together growth (Table 1) . Respect to PMEA assay, colony radius (mm) and AFB 1 accumulation, showed significant positive correlation (p<0.05) only for CWC at 0.96 a w . However, for the highest water condition (0.99) all treatment presented positive correlation. This result could be due that environmental conditions are the optimal to toxin accumulation. Also, García et al. [20] showed that AFB 1 increased together with growth of A. flavus maize and maize agar medium (MAM) with significant Pearson coefficient (p<0.05). Regarding experiments performed on peanut, only significant positive correlation (p<0.05) between colony radius and AFB 1 accumulation was found for CWC at both a w . These results show that presence of a sub-inhibitory dose of F-BHA could lead in changes in A. flavus toxin evolution with time by modifying final concentrations, regardless of substrate.
As are shown in results, reductions of both growth and mycotoxin accumulation occurs at the lowest a w (0.96), so in further studies we should confirm that at as water activity decreases, the antimicrobial effect increases, but using the sub-lethal dose on storage real condition. On the other hand, percentage of colony growth inhibition decreased with time. Thus, taking into account the low dose of BHA used in this work, this makes us think that antioxidant is being consumed/oxidized over time. Our results are agreeing with Passone et al. [9] where they observed a 66% of pure BHA reduction peanut kernels after 30 days by the effect of physical and biological factors. Besides, in our work, samples treated with F-BHA presented the lowest levels of the toxin for both growth substrate and a w . However, previous studies suggest that sub-inhibitory antioxidant levels carried out to aflatoxin production stimulation [13, [31] [32] [33] . Passone et al. [13] founded high levels of the toxin accumulation and an induction in aflD gene expression involved in aflatoxin biosynthesis of A. flavus in PMEA when a sub-lethal dose of free BHA and butylated hydroxytoluene mixture (1+1 mM) was used. Therefore, it would be necessary to control the dose to be applied when the formulation is tested under real storage conditions to assess residual level over time.
Yeast and moulds are found in a wide range of environments due to their capacity to utilize a variety of substrates and to their relative tolerance to low pH, low water activity, and low temperature [34] . Generally, foods have essential nutrients for fungal growth, thus fungi can appear and spoil different foods and feeds. Despite the absence of direct correlation between mould growth and mycotoxins production, the prevention of fungal growth in raw materials and foods leads invariably to the prevention of mycotoxins presence [35] . Thus, our next step, is add effective doses of microencapsulated BHA to peanut storage in real conditions to assess mould level and mycotoxins accumulation at different time during the storage period in a peanut processing company. 
